Background: Reactive oxygen and nitrogen are produced by rheumatoid arthritis (RA) synovial tissue and can induce mutations in key genes. Normally, this process is prevented by a DNA mismatch repair (MMR) system that maintains sequence fidelity. Key members of the MMR system include MutSα (comprised of hMSH2 and hMSH6), which can sense and repair single base mismatches and 8-oxoguanine, and MutSβ (comprised of hMSH2 and hMSH3), which repairs longer insertion/deletion loops. Methods: To provide further evidence of DNA damage, we analyzed synovial tissues for microsatellite instability (MSI). MSI was examined by PCR on genomic DNA of paired synovial tissue and peripheral blood cells (PBC) of RA patients using specific primer sequences for 5 key microsatellites. Results: Surprisingly, abundant MSI was observed in RA synovium compared with osteoarthritis (OA) tissue. Western blot analysis of the same tissues for the expression of MMR proteins demonstrated decreased hMSH6 and increased hMSH3 in RA synovium. To evaluate potential mechanisms of MMR regulation in arthritis, fibroblast-like synoviocytes (FLS) were isolated from synovial tissues and incubated with the nitric oxide donor S-nitroso-N-acetylpenicillamine (SNAP). Western blot analysis demonstrated constitutive expression of hMSH2, 3 and 6 in RA and OA FLS. When FLS were cultured with SNAP, the RA synovial pattern of MMR expression was reproduced (high hMSH3, low hMSH6). Conclusion: Therefore, oxidative stress can relax the DNA MMR system in RA by suppressing hMSH6. Decreased hMSH6 can subsequently interfere with repair of single base mutations, which is the type observed in RA. We propose that oxidative stress not only creates DNA adducts that are potentially mutagenic, but also suppresses the mechanisms that limit the DNA damage. 
Introduction
Rheumatoid arthritis (RA) is a chronic inflammatory disease characterized by invasion of synovial tissue into cartilage and bone. Fibroblast-like synoviocytes (FLS) contribute to this process and exhibit some features of transformed cells, including anchorageindependent growth in vitro, loss of contact inhibition in vitro and expression of several oncogene in situ (1) (2) (3) . The most compelling evidence of invasive behavior of RA synoviocytes was demonstrated in a SCID mouse model using FLS that were coimplanted with cartilage (4) . RA FLS invade the cartilage explants, whereas osteoarthritis (OA) and normal FLS do not. The mechanism of autonomous behavior has been investigated and may involve permanent genetic changes in RA synovial cells. For instance, several groups have identified somatic mutations in the p53 tumor suppressor gene in rheumatoid synovium and FLS (5) (6) (7) (8) . Similarly, mutations have been observed in other genes in RA, including hprt and H-ras (9, 10) .
The presence of somatic mutations in RA synovium suggests that they might result from local production of genotoxic compounds like reactive oxygen and nitrogen species. Inflammation-induced genetic damage is not unique to RA, and a similar process accounts for mutations in ulcerative colitis that ultimately lead to neoplasia (11) (12) (13) . However, the human genome is protected by several homeostatic systems that repair mutations, and evidence that reactive oxygen alone is sufficient for mutagenesis is sparse. A highly efficient DNA repair mechanisms present in the normal human nucleus protects our genome from sequence alterations, including the DNA mismatch repair (MMR) system (14, 15) . In eukaryotes, the heterodimeric complexes MutSα and MutSβ play essential roles in this process. Both complexes contain hMSH2, which can pair with either hMSH6 (MutSα) or hMSH3 (MutSβ). The former primarily repairs single base mismatches, while the latter repairs larger insertion/deletion mispairs. Abnormalities of DNA repair could produce a hypermutable state, which can account for the mutations found in some cancers (16, 17) .
Progress in our understanding of DNA damage and repair can be applied to understanding mutagens in inflammatory diseases. In colorectal cancer, for instance, the presence of microsatellite instability (MSI) is evidence of ongoing mutagenesis (18, 19) . MSI is the type of genomic instability that results from a deficient DNA MMR system. Sequencing the DNA from novel bands in microsatellite studies revealed that these changes were the result of insertion or deletion mutations at mononucleotide (e.g., An) and dinucleotide repeat (e.g., [CA]n) sequences (20, 21) . MSI was subsequently found resulting from defective human DNA MMR function (22) (23) (24) (25) . Welldefined criteria for assessing the MSI phenotype have been developed and can be applied to quantify the degree of genotoxicity and MMR function.
Based on the existence of somatic mutations in RA synovial cells, we sought additional evidence of DNA damage in synovium by assessing MSI. These studies demonstrated evidence of a high degree of MSI in RA compared with non-inflamed synovium. The expression and regulation of DNA mismatch repair enzymes was then evaluated. Because reactive oxygen can suppress DNA repair activity in some tumor cell lines (26), we determined the effect of nitric oxide, the most prevalent reactive intermediate in the joint, on MMR expression in this non-neoplastic tissue. Most notably, the key MMR enzyme MSH6 was decreased in RA synovium. Furthermore, the expression of this enzyme was suppressed in cultured FLS after exposure to reactive nitrogen species (RNS). We propose that oxidative stress not only creates DNA adducts that are mutagenic, but also relaxes the mechanisms that ordinarily repair DNA damage.
Materials and Methods
Synovial tissue and fibroblast-like synoviocytes. RA and OA synovial tissues were obtained at joint replacement surgery. The diagnoses conformed to the 1987 revised ACR criteria (27) . FLS were prepared as previously described (28) . Briefly, the tissues were minced and incubated with 1 mg/ml collagenase in serum free DMEM (Life Technologies Inc., Grand Island, NY) for 2 h at 37 o C, filtered through a nylon mesh, extensively washed, and cultured in DMEM supplemented with 10% fetal calf serum (FCS) (Gibco, endotoxin content ＜0.006 ng/ml), penicillin, streptomycin, gentamicin, and L-glutamine in a humidified 5% CO 2 atmosphere. After overnight culture, non-adherent cells were removed and adherent cells were cultivated in DMEM plus 10% FCS. At confluence, cells were trypsinized, split at a 1：3 ratio, and recultured in medium. Synoviocytes were used from passages 3 through 9 where they comprised a homogeneous population of fibroblast-like synoviocytes (＜1% CD11b, ＜1% phagocytic, and ＜1% Fc RII receptor positive). Microsatellite analysis. Microsatellite instability (MSI) status was determined following DNA extraction from the synovial tissue and paired autologous blood cells collected during joint replacement surgery (6 RA, 6 OA patients) using the genomic DNA separation kit (QIAGEN Inc., Valencia, CA). A panel of five microsatellite markers were utilized comprising 3 dinucleotide repeats (D2S123, D5S346, D17S250) and two mononucleotide repeats (BAT25 and BAT26), which were recommended as reference panel for the detection of MSI at the National Cancer Institute collaborative meeting on colorectal cancer (18) . Changes in the electrophoretic mobility of amplified PCR products were used to assess the microsatellite status. PCR amplification was performed with 100 ng of purified genomic DNA in a final reaction volume of 20μl using an MJ Research Thermocycler (PTC100; MJ Research, Watertown, MA). The primers for PCR reaction were end-labeled with γ-ATP-P
32
. Products were denatured, electrophoresed on 8% denaturing polyacrylamide gels, and visualized by autoradiography. MSI was determined by the presence of altered allelic shifts in the PCR products in the synovial tissue specimens when compared with the paired autologous control DNA derived from the patient's PBC. MSI status was independently evaluated by two observers. Synovial tissues exhibiting allelic shifts in 30 min on ice. After a second freeze thaw cycle, the membranes were gently broken by mechanical pipetting (5). Protein concentrations were measured with the BSA protein assay kit (Bio-Rad Laboratories Inc., Hercules, CA). Protein samples from FLS lysates (30μg) or synovial tissue lysates (100μg) were separated by electrophoresis using a sodium dodecyl sulfate (SDS)-8% polyacrylamide gel, and transferred onto a nitrocellulose membrane at 140 mA in 25 mM Tris Cl (pH 8.3), 200 mM glycine, and 20% methanol. Membranes were blocked with 5% nonfat dry milk in phosphate-buffered saline-0.1% Tween 20 (PBS-T) for 1 hr. This was followed by overnight incubation at 4 o C with mouse monoclonal anti-hMSH2 (Calbiochem-Novabiochem Corp., La Jolla, CA) at a dilution of 1：1,000, goat polyclonal anti-hMSH6 (Santa Cruz Biotechnology Inc., Santa Cruz, CA) at a dilution of 1：200, rabbit polyclonal anti-hMSH3 at a dilution of 1：1,000, mouse monoclonal antihMLH1 (Calbiochem-Novabiochem Corp.) at a dilution of 1：250 and mouse monoclonal anti-hPMS2 (Pharmingen, San Diego, CA) at a dilution of 1：500. Blots were washed with PBS-T and incubated for 2 hrs at room temperature with 1：2,000 dilution of a horseradish peroxidase-conjugated secondary antimouse IgG antibody (Santa Cruz Biotechnology Inc.) for hMSH2, hMLH1, and hPMS2; a 1：5,000 dilution of anti-goat IgG antibody (Santa Cruz Biotechnology Inc.) for hMSH6; and a 1：2,000 dilution of anti-rabbit IgG antibody (Santa Cruz Biotechnology Inc.) for hMSH3. The proteins were visualized using hydrogen peroxide and luminal as a substrate (Cell Signalling Technology Inc., Beverly, MA), with Kodak X-Omat AR film (Eastman Kodak Co., Rochester, NY). To quantify the amount of each MMR proteins, each band densities were normalized to actin protein and digitized using NIH image analyzer software (Bethesda, MD). Induction of oxidative stress in vitro. To induce oxidative stress, FLS were washed with serum-free DMEM and treated with 0. 
Results

Presence of microsatellite instability in RA synovial tissue.
Our previous studies demonstrated that somatic mutations occur in the synovium of patients with RA but not OA (5) . To determine genomic stability in RA synovial tissue, we evaluated the 5 microsatellite markers commonly used in colorectal cancer settings associated with increased reactive intermediates and MMR defects (18) (see Material and Methods). Since microsatellite sequences are highly polymorphic among the population, we extracted DNA from peripheral blood cells in the same patients as autologous controls. Fig. 1A shows a representative MSI analysis of two loci, D5S346 and D17S250, for two RA and two OA patients. MSI was observed in all 6 RA synovial tissues tested, with 5/6 meeting criteria for MSI-H (MSI in 2 or more loci) and 1 patient meeting criteria for MSI-L (MSI in 1 locus)(see Fig. 1B ). In contrast, no evidence of MSI was found in 5 of 6 OA samples, and only 1 OA synovium was MSI-L (P=0.004 for RA vs. OA). MMR protein expression in synovial tissue. Based on our observation that RA synovium revealed MSI-H and the known relationship between MSI and MMR defects in hereditary non-polyposis colon cancer (HNPCC), we evaluated the expression of MMR enzymes in the same synovial tissues. As shown in Fig. 2 , hMSH6 expression was significantly lower in RA synovial tissues compared with OA (P=0.02), while hMSH3 levels was significantly higher in RA than in OA (P=0.03). There was also a trend towards decreased hMSH2 levels in RA that did not reach statistical significance.
MMR protein expression in FLS.
Since we observed differences in MMR expression in RA synovium, the expression of MMR proteins in cultured FLS was investigated. As shown in Fig. 3 , the levels of multiple MMR proteins including hMSH2, hMSH3 and hMSH6 as well as a hMLH1 and hPMS2 were similar in RA, OA and normal cultured FLS. Therefore, the differences between OA and RA synovium is likely due to local environmental influences or variations in cellular composition rather than generalized suppression of MMR expression.
Effect of RNS and ROS on MutS MMR proteins in FLS.
Because no differences were observed in basal MMR expression in OA and RA cultured FLS, we studied the role of various mediators on the components of the MMR enzyme complexes in vitro. No changes in hMSH2, -3, or -6 were observed in FLS that had been stimulated with IL-1 or TNF-alpha (data not shown). We then used an in vitro model of oxidative stress to determine if MMR expression in cultured RA FLS is regulated by RNS or ROS. FLS were cultured in the presence of a nitric oxide donor SNAP and the expression of MMR enzymes was determined by western blot analysis (n=5). As shown in Fig. 4 , pre-treatment of FLS with SNAP for 3 hr significantly decreased hMSH6 expression 6 to 12 hr after exposure (38% of medium control at 6 hr, P=0.002). The hMSH3 levels increased during the same period of time (200.9% of medium control at 6 hr, P=0.047), indicating that the effect on hMSH6 was not related to non-specific toxicity (Fig. 4A) . The hMSH2 expression was not significantly changed although there was a trend towards a modest increase after RNS stress. Alterations in MMR protein expression was transient, and expression returned to baseline within 24～48 hr. No differences were observed between RA and OA FLS with regard to their response to SNAP (data not shown). Hydrogen peroxide treatment also modestly decreased hMSH6 and the effect was more prolonged (Fig. 4B, P＜0.05) . hMSH2 was not significantly changed by ROS exposure. None of the conditions described caused significant cell death as determined by cell staining for viable cells. These data indicate that the MMR pattern observed in RA synovial tissue, i.e., low hMSH6 and high hMSH3, was reproduced in cultured FLS after oxidative stress. Figure 6 . Kinetics of hMSH6 regulation by NO. RA FLS were treated with 1 mM SNAP for 0.5～3 hr and then analyzed hMSH6 over 24 hr. hMSH6 expression was determined by western blot analysis.
Effect of dose and duration of NO exposure on hMSH6 expression in FLS. Kinetics and dose response experi-
ments were then performed to characterize the effects of RNS on MMR expression. To evaluate the dose of NO required to suppress hMSH6, RA FLS cell lines (n=3) were exposed to various concentrations of SNAP (0.01, 0.1, 1.0 mM) for 3 hr. Minimal or no effects were observed for the lower concentrations, while 1 mM clearly suppressed hMSH6 (P＜0.05) (Fig. 5) . We then treated RA FLS cell lines with 1 mM of SNAP for 0.5 to 3 hr, and analyzed hMSH6 protein levels. As illustrated in Fig. 6 , suppression of hMSH6 was correlated with the duration of exposure to SNAP (P＜0.05).
Discussion
Genotoxic adducts, especially ROS and RNS, are released as a result of cell activation and can damage genomic DNA. One such product, nitric oxide (NO), is especially prevalent in chronic inflammatory diseases like ulcerative colitis (29) and rheumatoid arthritis (30) (31) (32) . In the former, local NO production leads to the accumulation of somatic mutations that can ultimately lead to neoplastic transformation (33) . DNA damage and mutation have also been documented in the synovial intimal lining in rheumatoid synovium (34) . To determine the mechanisms of DNA damage in inflamed tissues, we evaluated the rheumatoid synovium for broader evidence of mutagenesis. Based on an extensive literature in colon cancer and inflammatory bowel disease, we examined the RA synovial tissue genome for evidence of microsatellite instability (MSI). Microsatellites are tandem repeated sequences in the DNA that are primarily (but not exclusively) located in non-coding regions. MSI is defined as an microsatellite insertion or deletion mutation in a target tissue or tumor compared with an autologous control (usually peripheral blood) (18) . Many studies demonstrate an association between MSI, DNA damage, and development of neoplasia (19, 35, 36) .
Criteria for high and low MSI phenotypes (MSI-H and MSI-L, respectively) and microsatellite stable phenotype (MSS) have been developed for colon tumor loci (18) . Five specific microsatellites can be evaluated for evidence of mutations and the number of mutations quantified. The phenotypes are: 1)
MSI-H, with mutations in ≥40% of loci; 2) MSI-L with mutations in ≤20% of loci; and 3) MSS, with no microsatellite mutations. Our initial studies were performed on RA and OA synovial tissues and used the same loci validated for colon inflammation since the mechanisms of mutagenesis are similar. These experiments demonstrated clear evidence of the MSI-H genotype in RA. In contrast, most OA samples were either MSI-L or MSS. The presence of microsatellite mutations in RA is consistent with previous studies demonstrating somatic mutations and increased DNA strandbreaks (5, 34) . One previous study suggested that microsatellites were stable in cultured RA synoviocytes, although many of these samples were derived from patients with less severe disease at the time of synovectomy (37) . Our study focused on end stage arthritis requiring total joint replacement.
The mechanisms of MSI have been evaluated in other settings, especially in hereditary non-polyposis colon cancer (HNPCC). These patients have many mutations in the colon and frequently develop colon cancer in early adulthood. The etiology of the mutagenic propensity in HNPCC is defective DNA mismatch repair (MMR) enzymes (22, 25, 35) . This complex system involves many repair enzymes, including two key heterodimeric complexes known as MutSα and MutSβ. hMSH2 is a common subunit for both of dimers and is the most common defective gene in HNPCC (22) . It can pair with hMSH6 to form MutSα while hMSH3 and hMSH2 form MutSβ. MutSα mainly repairs of single base mispairs, while MutSβ repairs larger insertion/deletion mispairs (38) . Since MSH2 is the common component, balance between repair of single base mismatches or longer insertions/deletions depends on the ratio of MSH6 and MSH3. In cells that over-express MSH3, the available MSH2 protein is sequestered into MutS. This leads to degradation of the partnerless MSH6 and defective repair of single base mismatches (39) . Therefore, MMR deficiency can arise not only through mutation or transcriptional silencing of MMR genes, but also as a result of an imbalance in the relative amounts of the MSH3 and MSH6 proteins.
Based our observation that RA synovium is MSI-H, we assessed the expression of MMR proteins in this tissue. hMSH2 and another MMR enzyme, hMLH1, are reportedly expressed by intimal lining cells in RA as determined by immunohistochemistry (37) . However, there is no information on the other key enzymes or their relative amounts compared with OA. Surprisingly, decreased hMSH6 and, to a lesser extent, MSH2 protein was observed in the rheumatoid synovium compared with OA. However, hMSH3 expression was significantly higher in RA. This pattern of MMR enzyme expression provides a potential explanation for the type of mutation observed in RA, where single base pair substitutions account for the vast majority of abnormalities (5) .
The MMR differences between OA and RA synovium led us to explore the expression and regulation of these enzymes in FLS. Similar levels of MMR proteins were expressed in RA and OA FLS, indicating that the abnormalities observed in the tissue were not simply due to a generalized suppression of hMSH6 or other enzymes in RA as occurs in HNPCC. The pattern of MMR expression changed when FLS were stressed by RNS, with induction of hMSH3 and suppression of hMSH6. Suppression of hMSH6 was dose dependent and varied directly with the duration of NO exposure. The fact that other MMR proteins or housekeeping genes like actin were unaffected indicates that hMSH6 suppression was not due to non-specific toxicity. The effects on MMR expression were transient in vitro since hMSH3 and hMSH6 expression returned to normal levels after 24 hrs. While the mechanism of MMR regulation is currently unknown, the protein levels in other cells correlate with mRNA expression and suggests that transcriptional regulation is likely to participate (40) .
The cultured FLS studies showed that the pattern of MMR expression in RA synovium (high hMSH3/ low hMSH6) was reproduced in synoviocytes that were exposed to genotoxic stimuli. This tissue culture model obviously does not completely mimic the situation in chronically inflamed synovium, and many other cell types can contribute to MSI or MMR protein expression in RA. Nevertheless, the levels of RNS and ROS exposure that alter MSH expression are relevant since similar concentrations can be achieved in stressed cells (32, 41) . Suppression of hMSH6 appears to be paradoxical at first. However, it might represent a mechanism that protects the cell from major DNA damage while permitting single base pair changes. This could provide a short-term survival benefits to the organism by shifting the balance from MutSα to MutSβ. It also might serve as a host mechanism for establishing a "mutator" phenotype, which can have additional survival benefits (42) .
Hyperoxide can also decrease expression of MMR repair enzymes like hMSH6 in certain human tumor cell lines (26) . Suppression of MutSα in erythroleukemia cells by reactive oxygen suppresses DNA repair activity as determined by functional assays. This effect can be reversed by the addition of recombinant MMR enzymes to the cell extracts. An analogous situation occurs in non-neoplastic tissues like rheumatoid synovium and primary cells derived from the tissue after exposure to RNS. These data suggest that suppression of hMSH6 in vivo can lead to the accumulation of mutations due to functional impairment of the MMR system.
Exposure to reactive species, especially RNS, can be directly mutagenic and increase the likelihood of single base mismatches in RA through oxidative deamination (43) . In addition, suppression of MMR mechanisms could contribute to a "hypermutable" state and increase the likelihood for the accumulation of somatic mutations (17) . This situation is probably relevant to chronic inflammation in many sites. In RA, for instance, ROS production is increased by the hypoxic environment mediated by activated leukocytes, ischemia-reperfusion injury, an increased metabolic rate, and reduced capillary density (44, 45) . Expression of iNOS is markedly increased in RA, especially in the synovial intimal linings (31) . Local NO production results in nitrosylation of synovial proteins and can produce mutagenic nucleotide adducts (43) . The combination of these influences over many years can, therefore, lead to somatic mutations in chronic inflammatory diseases.
Relaxation of MMR in stressed synovium has parallels in other diseases. For instance, MSI has been described in ulcerative colitis which also may be associated with functional MMR suppression (46) . RA is the first chronic inflammatory disease associated with both MSI, somatic mutations of key genes, and suppression of DNA repair mechanisms but does not lead to neoplastic disease. Instead, this process might alter the natural history of RA and cause local invasion and an aggressive FLS phenotype. It also provides potential therapeutic targets to modify the long-term destructive potential of RA synovium. By limiting local RNS or ROS production, mutagenesis can potentially be minimized. Alternatively, replacing or augmenting MMR expression could mitigate the genotoxicity in the synovium or in other chronically inflamed sites.
